Introduction
============

Rheumatoid arthritis (RA) is a chronic autoimmune disease that causes joint swelling, deformity and dysfunction.^[@bib1]^ The actual factors that cause RA are unknown, but several genetic, physiological and environmental factors have been implicated. Despite the different pathogenic mechanisms, epidemiological data show that RA and periodontitis have similar pathological outcomes that include bone loss and destructive inflammation.^[@bib2]^ Some clinical studies suggest that patients with RA are more likely to have periodontitis than healthy individuals.^[@bib3],\ [@bib4],\ [@bib5]^ In addition, periodontitis is often accompanied by RA.^[@bib6],\ [@bib7]^ Taken together, these data suggest a significant association between periodontitis and RA.

*Porphyromonas gingivalis* (Pg), a Gram-negative anaerobic bacterial pathogen, is the leading cause of periodontal disease in humans. Pg utilizes fimbriae, the appendages that grow out of the membrane, to invade host cells such as human gingival fibroblasts (HGFs).^[@bib8],\ [@bib9]^ Fimbriae express one of two protein types according to their size. Long fimbriae, also known as major fimbrilin, comprise FimA subunit proteins encoded by the *fimA* gene.^[@bib8]^ With regard to fimbriae, some experimental studies show that Pg harboring mutations in FimA fail to form biofilms.^[@bib10]^ Studies in a gnotobiotic rat model show that Pg strain DPG3 (a FimA mutant) cannot bind to saliva-coated oral surfaces nor cause alveolar bone loss.^[@bib11]^ In addition, infection of mouse peritoneal macrophages with purified major fimbriae induces the expression of interleukin-1 (IL-1).^[@bib12]^ Therefore, Pg fimbriae are a key component of adhesion to host surfaces during periodontal disease.

Oral infection by Pg worsens paw swelling, bone loss and synovitis, and increases proinflammatory cytokine expression in collagen-induced arthritis (CIA) and collagen antibody-induced arthritis mouse model.^[@bib13],\ [@bib14]^ In rats, Pg causes signs and symptoms associated with arthritis, whereas heat-killed Pg does not.^[@bib15]^ Although periodontal disease induced by Pg infection is thought to be associated with RA pathogenesis, the contribution of fimbriae is largely unknown.

Here, we examined the pathogenic and therapeutic correlation between periodontitis and RA in a mouse model of arthritis. Studies suggest that Pg-induced periodontitis plays a significant role in RA development. Inhibiting Pg adhesion using a FimA antibody (Ab) prevented RA progression. We also showed that orally inoculated Pg may utilize dendritic cells (DCs), macrophages and neutrophils to migrate to the joints of CIA mice and result in synovial inflammation.

Materials and methods
=====================

Mice and *in vivo* study design
-------------------------------

The 5-week-old female DBA1/J mice were obtained from OrientBio (Seongnam, Korea) and quarantined for 1 week in the pathogen-free animal facility at the Catholic University of Korea. All animal experiments were performed in accordance with the Laboratory Animals Welfare Act, Guide for the Care and Use of Laboratory Animals and Guidelines and Policies for Rodent Experimentation provided by the Institutional Animal Care and Use Committee at the School of Medicine at the Catholic University of Korea. The study utilized six experimental groups, each containing five mice.

Antibody
--------

The monoclonal FimA Ab was provided by NBM (Jeonju, Korea). The Ab was synthesized and characterized as previously described.^[@bib16],\ [@bib17]^

Bacteria strain
---------------

Pg strain 2561 was obtained from the Department of Maxillofacial Biomedical Engineering, School of Dentistry, Kyung Hee University, Seoul, Korea. The bacterium was cultured at 37 °C anaerobically (85% N~2~, 10% H~2~ and 5% CO~2~) in half-strength brain heart infusion broth (Becton Dickinson, Sparks, MD, USA) supplemented with 0.5% yeast extract (Difco Laboratories, Detroit, MI, USA), 5 μg ml^−1^ hemin (Sigma-Aldrich, St Louis, MO, USA) and 1 μg ml^−1^ vitamin K1 (Sigma-Aldrich).

Induction of periodontitis
--------------------------

To increase the rate of bacterial infection, mice were inoculated with 5 × 10^9^ colony-forming units in 50 μl of phosphate-buffered saline with 2% carboxylmethyl cellulose (Sigma-Aldrich). Bacteria were inoculated directly into the oral cavity every day for 15 days using a disposable pipette. A previous study shows that FimA Ab inhibits the adhesive activity of major fimbriae from Pg.^[@bib16]^ Therefore, before inoculation, 5 × 10^9^ colony-forming units of Pg were incubated with 500 ng of FimA Ab in phosphate-buffered saline for 1 h. It was then resuspended in 50 μl of phosphate-buffered saline with 2% carboxylmethyl cellulose.

Assessment of periodontitis
---------------------------

The total anaerobic bacteria count was determined using the McFarland turbidity standard protocol. Bacteria were directly swabbed from the gingival surface of CIA mice using a small sterilized brush, and then soaked in tryptic soy broth medium (Difco Laboratories, Detroit, MI, USA), and incubated in an anaerobic basket with an anaerobic gas pack (AnaeroGen, Oxoid, Hampshire, UK). Alveolar bone loss was examined morphometrically by measuring the distance between the cementoenamel junction (CEJ) and alveolar bone crest (ABC), as previously described.^[@bib18],\ [@bib19]^ Briefly, skulls were first autoclaved and defleshed, and the jaws were immersed in 3% hydrogen peroxide overnight and then stained with 1% methylene blue for 1 min. The distance from the CEJ to the ABC was assessed at five buccal sites per mouse using the Visiopharm Integrator System (Visiopharm, Horsholm, Denmark). All data were analyzed using GraphPad Prism 5 software (GraphPad, San Diego, CA, USA).

Induction of CIA
----------------

Mice were shaved, and the back was injected intradermally with CII emulsified in complete Freund's adjuvant containing 2 mg ml^−1^ heat-killed mycobacterium tuberculosis. To maximize the incidence of periodontitis-induced arthritis, mice did not receive a second immunization with CII. The arthritis clinical score was measured every week for 44 days after CII immunization. Each limb was scored on a scale of 0--4 as follows: 0=normal; 1=slight swelling; 2=pronounced swelling; 3=severe swelling without joint deformation; and 4=joint deformation accompanied by ankyloses. The scores for all four limbs were summed, giving a maximum of 16 points per animal. Each score was determined by three independent examiners.

Immunohistochemical analysis
----------------------------

Both hind limbs from each mouse were retrieved and fixed in 10% formalin, decalcified in 10% (w/v) EDTA and embedded in paraffin. Sections were stained with hematoxylin and eosin, safranin O or toluidine blue for histological analysis. Inflammation and joint destruction were scored by three individual observers..^[@bib20]^ The inflammation score was assessed on the basis of the immune cell infiltration and pannus formation. Joint destruction was scored according to alterations in cartilage erosion and bone loss.

Micro-computed tomography (micro-CT) analysis
---------------------------------------------

Hind limb samples were obtained, fixed in 10% formalin, and scanned in a micro-CT scanner (SkyScan 1172, SkyScan b.v.b.a., Aartselaar, Belgium). Images were reconstructed using NRecon V1.6.9.18 (SkyScan). Three-dimensional analysis was performed using CTAn software (SkyScan).

Confocal microscopy
-------------------

Joint sections were stained with aFimA Ab using the VECTOR M.O.M. Immunodetection Kit (Vector Laboratories, Burlingame, CA, USA), according to the manufacturer's protocol. DCs were stained with anti-CD11c Ab (Serotec, Oxford, UK) and Alexa Fluor 568-conjugated goat anti-American hamster Ab (Abcam, Cambridge, MA, USA). Neutrophils and macrophages were stained with anti-NIMP-R14 Ab (Abcam) and anti-F4/80 Ab (eBioscience, San Diego, CA, USA), respectively, followed by Texas Red goat anti-rat Ab (Vector Laboratories). To stain the blood vessel, the joint sections were stained with anti-CD31 Ab (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and Fluorescein rabbit anti-goat Ab (Vector Laboratories). Toll like receptor-2 (TLR2) and TLR4 were stained with anti-TLR2 Ab (Santa Cruz) and anti-TLR4 Ab (Santa Cruz), respectively, followed by Fluorescein rabbit anti-goat Ab (Vector Laboratories) in the joint sections. Fluorescence images were obtained under a confocal microscope (Carl Zeiss LSM 700, Prenzlauer, Berlin, Germany).

Cell strains
------------

HGF-1 cells were purchased from American Type Culture Collection (Manassas, VA, USA). Rheumatoid arthritis synovial fibroblasts (RASFs) were obtained from synovial tissue from RA patients as previously described,^[@bib21]^ in accordance with the protocols approved by the institutional review board of The Catholic University of Korea.

Immunofluorescence analysis
---------------------------

Cultured cells were fixed in 3.7% formaldehyde for 10 min, immersed in 0.1% Triton X-100 for 5 min at 4 °C, blocked with 2% bovine serum albumin (Sigma-Aldrich) for 1 h at 37 °C and then incubated with FimA Ab for 1 h at 37 °C in phosphate-buffered saline containing 1% bovine serum albumin and 0.1% Triton X-100. Cells were then incubated with an Alexa Flour 488-conjugated mouse antibody (Molecular Probes, Eugene, OR, USA). Nuclei were stained with 4′,6-diamidino-2-phenylindole (Molecular Probes). Intracellular protein expression was examined under a fluorescence microscope (Axio Imager.M2; Zeiss, Oberkochen, Germany).

Electron microscopy
-------------------

Hind limbs of CIA mice were fixed in 4% paraformaldehdyde and immersed in 2.5% glutaraldehyde in 0.1 [M]{.smallcaps} phosphate buffer for overnight. The samples were post-fixed with 1% osmium tetroxide for 1 h. For transmission electron microscopic observations, the samples were dehydrated with a series of the graded ethyl alcohol and pure acetone. After embedding in Epon 812, ultrathin sections (60--70 nm) were obtained by ultramicrotome (Leica Ultracut UCT, Wetzlar, Germany). Ultrathin sections collected on grids (200 meshes) were examined in transmission electron microscope (JEOL-JEM 1010,JEOL Co., Ltd., Tokyo, Japan) operating at 60 kV and images in the transmission electron microscopy were recorded by CCD camera (SC1000; Gatan, Pleasanton, CA, USA). For scanning electron microscopic observations, the samples were dehydrated in ascending concentration of ethyl alcohol from 50 to 100% (12 h at each concentration) and then transferred to hexametyldisilazane and allowed to air dry. All samples were coated with gold using a sputter coater and examined on a JSM-5410LV (JEOL, Tokyo, Japan) scanning electron microscope operated with accelerating voltage of 15 kV.

Real-time PCR
-------------

Before Pg treatment of RASFs, Pg was incubated with 100 ng ml^−1^ aFimA for 1 h in growth medium. After then, RASFs were treated with Pg or Pg/FimA for various time periods. RNA was then extracted from cells using TRIzol (Invitrogen, Carlsbad, CA, USA) reagent. Complementary DNA was synthesized using HelixCript Easy cDNA Kit (Nano Helix, Seoul, Korea). Real-time PCR was performed in ABI 7500 system (Applied Biosystems, Foster City, CA, USA) with SYBR green (Nano Helix). Primer sequences are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Preparation of crude fimbriae
-----------------------------

Pg was harvested by centrifugation at 90 *g* for 40 min at 4 °C, and the pellet was suspended in 5 m[M]{.smallcaps} Tris-HCl buffer, followed by sonication for 3 × 5 min. After centrifugation at 18 000 *g* for 40 min, the supernatant was suspended in 40% ammonium sulfate for 4 h. The sediment was then collected by centrifugation at 18 000 *g* for 30 min at 4 °C followed by dialysis in 5 m[M]{.smallcaps} Tris-HCl for 3 days. After dialysis, crude fimbriae were collected by centrifugation at 900 *g* for 10 min at 4 °C.

Statistical analysis
--------------------

Statistical analyses were performed using GraphPad Prism 5 software (San Diego, CA, USA). Statistical differences between groups were analyzed using the paired *t*-test and one-way analysis of variance. The results of the *in vitro* studies were also analyzed using one-way analysis of variance. A *P-*value of \<0.05 was considered statistically significant.

Results
=======

The FimA Ab inhibits periodontitis induced by Pg infection
----------------------------------------------------------

To study the ability of FimA Ab to prevent Pg oral infection, Pg was incubated in the presence or absence of FimA Ab before oral inoculation. Infection with Pg resulted in increase of the distance from the cementoenamel junction to the alveolar bone crest (CEJ--ABC) in CIA mice. CEJ--ABC lengthening suggested that oral inoculation of Pg induced periodontal bone loss. In contrast, preincubation Pg with FimA Ab (Pg/FimA Ab) led to a significantly smaller increase in the CEJ-ABC length ([Figures 1a and b](#fig1){ref-type="fig"}). Recent studies showed that infection by Pg disrupts the commensal oral microbiota of the host. This altered oral environment facilitates progression of periodontitis.^[@bib22]^ Similarly, we found that the number of total oral anaerobic bacteria in the Pg-infected group increased. However, Pg/FimA Ab abrogated this effect on the commensal oral microbiota ([Figures 1c and d](#fig1){ref-type="fig"}). These data provide strong evidence that FimA Ab inhibits periodontitis induced by Pg.

The FimA Ab inhibits Pg adhesion to HGFs
----------------------------------------

We next sought to determine whether FimA Ab blocks attachment of Pg to HGFs. HGFs participate in the immune response in periodontal connective tissue.^[@bib9]^ HGFs were incubated with Pg or Pg/FimA Ab for 2 h. Scanning electron microscopy revealed that treatment with FimA Ab significantly inhibited attachment of Pg to the surface of the cells ([Figure 2a](#fig2){ref-type="fig"}). In addition, FimA Ab attenuated Pg aggregation, suggesting that FimA Ab may prevent bacteria biofilm formation ([Figure 2a](#fig2){ref-type="fig"}). The proportion of Pg binding to HGFs is decreased by approximately three-fold by treating with FimA Ab ([Figure 2b](#fig2){ref-type="fig"}). Transmission electron microscopy also showed that there was more Pg in the proximity of the surface of HGFs than Pg/FimA Ab ([Figure 2c](#fig2){ref-type="fig"}). We further analyzed the ability of FimA Ab to prevent Pg attachment by incomplete Freund\'s adjuvant (IFA). Pg was able to attach to the cell surface; however, Pg/FimA Ab led to a significant reduction in the number of attached bacteria ([Figure 2d](#fig2){ref-type="fig"}). These results suggest that FimA Ab inhibits Pg adhesion and aggregation.

The FimA Ab reduces the severity of experimental arthritis induced by Pg infection
----------------------------------------------------------------------------------

Previous studies examined whether oral inoculation of CIA mice with Pg ameliorates experimental arthritis.^[@bib13],\ [@bib14]^ Similar to these studies, we found that oral infected Pg elicited a condition resembling experimental arthritis, including paw swelling and redness. These symptoms were not present in healthy control (wild type) mice and non-inoculated CIA mice. However, mice inoculated with Pg/FimA Ab showed a marked reduction in disease severity ([Figure 3a](#fig3){ref-type="fig"}). Pg increased the severity of arthritis by 3-fold compared with that in mice infected by Pg/FimA Ab ([Figure 3b](#fig3){ref-type="fig"}). Histological evaluation revealed that Pg increased immune cell infiltration, pannus formation, and cartilage erosion in the tarsal joints. These signs were not apparent in mice inoculated with Pg/FimA Ab ([Figure 3c](#fig3){ref-type="fig"}). The inflammation and joint destruction scores were also significantly lower in mice treated with Pg/FimA Ab ([Figure 3d](#fig3){ref-type="fig"}). Similar to results with HGFs, electron microscopy and IFA revealed that RASFs treated with Pg/FimA Ab showed a marked reduction in bacterial attachment and invasion as compared with RASFs treated with Pg ([Supplementary Figures S1a and b](#sup1){ref-type="supplementary-material"}). Taken together, these results suggest that FimA Ab significantly attenuates arthritis by Pg oral infection.

Micro-CT analysis of joint, bone and cartilage destruction
----------------------------------------------------------

We next used micro-CT to examine Pg-induced changes in bone density and joint destruction. Mice treated with Pg showed a significant increase in periosteal erosion in the paws, a similar phenotype to that observed in periodontitis-induced extraperiosteal bone loss. Pg*/*FimA Ab-treated mice showed no periosteal changes ([Figures 4a and b](#fig4){ref-type="fig"}). Pg infection accelerated mineral loss at the metatarsal head and from the tarsal bone. In contrast, no mineral bone loss was observed in Pg/FimA Ab-treated mice ([Figure 4c](#fig4){ref-type="fig"}). Inoculation of Pg/FimA Ab inhibited tibial bone loss compared with that in mice treated with Pg alone ([Figures 4c and d](#fig4){ref-type="fig"}). These observations suggest that Pg-induced periodontitis may share pathophysiology with arthritis-mediated bone loss.

Fimbriae are present in the joints of Pg-infected CIA mice
----------------------------------------------------------

Although several reports show that DNA and cell wall components from oral bacteria are present in the synovial fluid of arthritis patients, the precise mechanism underlying the migration of Pg to the joint remains unclear.^[@bib23],\ [@bib24],\ [@bib25]^ Here, we found that bacteria fimA was present in the joints of Pg-infected CIA mice compared with Pg/FimA Ab-infected CIA mice ([Figure 5a](#fig5){ref-type="fig"}). As Pg can survive in DCs by inhibiting phagosome--lysosome fusion after phagocytosis^[@bib26]^ and disarm neutrophils phagocytosis against pathogens,^[@bib27]^ we hypothesized that Pg exploits the professional phagocytes to migrate into the inflamed joint. To address this hypothesis, we used confocal microscopy to confirm whether fimbriae colocalize with the phagocytes such as DCs, neutrophils and macrophages in the joint of mice. As shown in [Figure 5b](#fig5){ref-type="fig"}, confocal microscopy revealed that Pg colocalized with DCs in the tarsal joints of CIA mice. In addition, Pg colocalized with other professional phagocytes such as macrophages and neutrophils ([Figures 5c and d](#fig5){ref-type="fig"}). Interestingly, some Pg fimA-colocalized DCs, macrophages and neutrophils were not only enucleated, but had also released their cellular components along with FimA in the joint ([Figures 5b--d](#fig5){ref-type="fig"}). The DCs, macrophages and neutrophils in the joints of CIA mice treated with Pg*/*FimA Ab did not contain Pg FimA ([Figures 5b--d](#fig5){ref-type="fig"}). Confocal microscopy of Pg-infected CIA mice relatively revealed localization of Pg in the vicinity of joint vascular lesions, indicating that Pg may migrate through the bloodstream toward the inflamed synovial joints ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Overall, these data suggest that periodontitis-inducing Pg might migrate to arthritic joints by hitching a ride in DCs, macrophages and neutrophils via blood system.

Pg increases synovial inflammation in the joint
-----------------------------------------------

Pg oral infection is significantly related to the occurrence of RA. In addition, we also observed that captured Pg by DCs, macrophages and neutrophils could invade the joint synovial tissues. Therefore, we then confirmed whether inflammatory reaction by bacteria infection was increased in the joint of CIA mice. As TLR2 and TLR4 participate in Pg-induced alveolar bone erosion,^[@bib28]^ we preferentially confirmed the expression of TLR2 and TLR4 using confocal microscopy. The mice infected with Pg showed staining for TLR2 and TLR4 in the joint but not in the joint of the mice infected with Pg/FimA Ab ([Figures 6a and b](#fig6){ref-type="fig"}). These data suggested that by entering the joint, Pg may subvert an inflammatory milieu within the joint. Recent publications show that Pg stimulates proinflammatory cytokine expression such as IL-8 and tumor necrosis factor-α by several cell lines.^[@bib26],\ [@bib27],\ [@bib29],\ [@bib30],\ [@bib31]^ We next sought to examine the expression of inflammatory related proteins by RASFs in the presence of Pg. The cells infected with Pg led to marked induction of proinflammatory cytokines such as IL-8, as well as that of TLR2 and TLR4. We also observed increased levels of matrix metalloproteinase-1 (MMP1) and MMP3 ([Figure 6c](#fig6){ref-type="fig"}). Furthermore, Pg-induced inflammatory-related proteins were attenuated by FimA antibody cotreatment ([Figure 6c](#fig6){ref-type="fig"}). We then showed that the RASFs treated with crude fimbriae that are chemically isolated from Pg also increased the expression of inflammatory-related proteins, indicating that fimbriae are required to induce expression of arthritis-promoting cytokines and proteins by synovial fibroblasts. ([Figure 6d](#fig6){ref-type="fig"}). Overall, these date suggest that invaded Pg in arthritic joints may induce synovial inflammation and promote chronic arthritis.

Discussion
==========

The pathogenesis of Pg-induced periodontitis is involved in the progression of RA; however, the precise mechanism by which Pg exacerbates RA remains unclear. Here, we show that Pg fimbriae are a major virulence factor and contribute to periodontal diseases, including periodontitis. Furthermore, we demonstrate that oral infection by Pg involves in the outbreak of arthritis and exacerbates sequelae associated with experimental arthritis, including increased synovial cell invasion, joint bone and cartilage destruction and increased expression of proinflammatory cytokines such as IL-8. Interestingly, FimA Ab effectively ameliorates Pg-aggravated experimental arthritis. We also observe that orally infected Pg probably migrates toward arthritic joints by exploiting DCs, macrophages and neutrophils and result in rheumatic inflammation such as synovitis and cartilage erosion.

Several studies have shown that a major fimbriae-specific mutant of Pg is unable to invade gingival epithelial cells and cause periodontal bone loss.^[@bib11],\ [@bib32],\ [@bib33]^ Moreover, treatment of buccal epithelial cells with an anti-fimbriae Ab significantly attenuates bacterial adhesion.^[@bib34]^ Thus, it could be speculated that Pg fimbriae play an important role in the development of periodontitis and subsequent RA progression. The CIA mice generated in the present study did not receive a second immunization with CII; this enabled us to examine subtle changes in arthritis severity *in vivo*. This strategy appears unfavorable in terms of arthritis induction, but objectively reflects the approach taken in a 'two hit' model study.^[@bib35]^ Compared with Pg, infection with Pg/FimA Ab led to a marked reduction in alveolar bone loss and promoted a dysbiotic oral microbiota in CIA mice. These results are consistent with those presented in a study showing that Pg infection triggers changes in the commensal oral microbiota and induces inflammation-mediated periodontal bone loss.^[@bib22]^ Furthermore, we observed that mice exposed to Pg show not only arthritic symptoms such as paw swelling and redness, but also signs of synovitis such as pannus formation and bone destruction. None of these were observed in mice treated with Pg/FimA Ab. In addition, only Pg-inoculated normal mice showed that there were no signs of arthritis (data not shown). Based on the previously published data, oral-infected Pg might migrate into joint cavity along the signal such as inflammatory responses.^[@bib35]^ Thus, for mice with no inflammatory responses in the joints, only periodontitis might not produce a chain reaction like arthritis.

Previous clinical studies showed that RA patients often have periodontitis.^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ Conversely, patients with periodontitis are more likely to develop RA.^[@bib6],\ [@bib7]^ RA is associated with increased levels of citrullinated protein that are generated by peptidylarginine deiminases (PADs) that convert arginine residues to citrulline residues.^[@bib36]^ RA patients with anti-citrullinated protein antibodies show a relatively high rate of alveolar bone loss, a hallmark of periodontitis.^[@bib37]^ Of note, Pg is the only bacterium that produces a PAD enzyme (Pg PAD or PPAD). Although there are differences in sequence between PPAD and human PAD, PPAD can also induce citrullinated proteins such as fibrin, fibrinogen, α-enolase and vimentin in patients with RA.^[@bib36],\ [@bib38],\ [@bib39],\ [@bib40]^ A previous study showed that, unlike normal Pg, PPAD-null Pg did not elicit arthritis in CIA mice.^[@bib41]^ Thus, increased citrullination by PAD and the subsequent induction of anti-citrullinated protein antibodies are the main drivers of arthritis caused by Pg. However, DNA and bacterial cell wall constituents, such as peptidoglycans, derived from oral bacteria are present in the joints and synovial fluid of RA patients.^[@bib24],\ [@bib25],\ [@bib42]^ Therefore, we speculated that orally infected Pg may penetrate the joints of RA patients, where it promotes disease exacerbation. Here, we identified Pg in the tarsal joints of Pg-inoculated CIA mice, suggesting that periodontitis increases dissemination of bacteria to the joints and contributes to RA progression.

To survive in the harsh milieu within a host, Pg suppresses autophagy after phagocytosis by DCs; the bacterium then migrates to distant organs such as blood vessels, brain and placenta.^[@bib26],\ [@bib43]^ Similarly, we observed colocalization of Pg and DCs in the tarsal joints of Pg-infected CIA mice; this was rarely observed in the joints of mice inoculated with Pg/FimA Ab. Moreover, orally inoculated Pg also colocalized with macrophages and neutrophils. These results suggest that Pg might migrate from the oral cavity to the joints by hitching a ride inside phagocytes. Compared with Pg*/*FimA Ab, infection with Pg resulted in significantly greater numbers of enucleated phagocytes and increased phagocyte death in CIA mice, suggesting that Pg might come into direct contact with rheumatoid synovial membrane and cartilage after being released from phagocytes. Thus, our results indicate that Pg might migrate to the arthritic joint, where it plays a role in synovial inflammation. Interestingly, several studies reported the absence of live bacteria from the joints of Pg-infected mice;^[@bib24],\ [@bib41],\ [@bib42]^ however, we detected the presence of Pg in the joints of CIA mice by staining with specific FimA Ab. Clearly, though, we were not able to determine whether the bacteria were alive.

Synovial fibroblasts in arthritic joints release proinflammatory cytokines and promote cartilage erosion by secreting MMPs.^[@bib1]^ We thereby hypothesized that Pg might be involved in arthritic inflammation after a direct migration into the inflamed joint. Our *in vitro* studies showed that treatment of RASFs with Pg lead to a significant increase in IL-8 levels, both of which recruit immune cells and induce production of MMP1 and MMP3, thereby inducing pathologic inflammation. Expression of TLR2 and TLR4 was also increased in Pg-infected RASFs. Interestingly, FimA Ab-treated Pg was unable to induce inflammatory-related proteins such as TLR2, TLR4, IL-8, MMP1 and MMP3. Furthermore, treatment of RASFs with crude fimbriae that were isolated from Pg also induced TLR2, TLR4, IL-8, MMP1 and MMP3. These results lead to the conclusion that migration of orally infected Pg can directly accelerate synovial fibroblasts activation and induce arthritic inflammation in the joints.

In conclusion, our findings suggest that Pg-induced periodontitis increases the incidence and severity of RA in an experimental mouse model. However, these effects are ameliorated when Pg is pretreated with FimA Ab. This is the first study to report that orally infected Pg directly migrates to the joints via DCs, macrophages and neutrophils, where it is released and contributes to synovial inflammation. The data presented herein suggest that treating periodontitis may alleviate or prevent the progression of RA.
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![Anti-FimA antibody (aFimA Ab) inhibits *Porphyromonas gingivalis* (Pg)-induced periodontitis in collagen-induced arthritis (CIA) mice. (**a**) The cementoenamel junction--alveolar bone crest (CEJ--ABC) length in low jaw bone is detected by optical microscope. Scale bar, 1 mm. (**b**) Scoring of CEJ--ABC length is randomly measured at five buccal sites of low jaw bone (arrows of (**a**)) and analyzed using Student's *t*-test (\*\**P*\<0.01, \*\*\**P*\<0.001). (**c**) Collected bacteria using swab from the oral cavity of mice are grown on sheep blood agar. (**d**) The number of total cultivatable oral anaerobic bacteria is analyzed using McFarland turbidity standards. Oral swabs were collected from mice and cultivated under anaerobic condition. Statistical analysis was performed using Student's *t*-test (*n*=3, \*\*\**P*\<0.001).](emm2017301f1){#fig1}

![Fimbriae play an essential role in *Porphyromonas gingivalis* (Pg) invasion. (**a**--**c**) Bacteria adhesion to the human gingival fibroblast-1 (HGF-1) after infection of Pg with or without pretreatment of anti-FimA antibody (aFimA Ab) is observed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), respectively. Scale bar, 100 μm (**a**) and 1 μm (**c**). Inserts magnify the small box areas. (**b**) Quantification of bacteria proportion in SEM images. Statistical analysis was performed using Student's *t*-test (*n*=3, \*\**P*\<0.01). (**d**) Immunohistochemical staining of FimA (green) in HGF-1 also shows the attenuation of bacteria adhesion in aFimA Ab-treated Pg. Cell nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). Scale bar, 100 μm.](emm2017301f2){#fig2}

![Anti-FimA antibody (aFimA Ab)-treated *Porphyromonas gingivalis* (Pg) fails to trigger arthritis in collagen-induced arthritis (CIA) mice. (**a**) Representative hind paw images from each group at 28 days after CIA induction. (**b**) Clinical paw swelling in each group was scored every week and analyzed using Student's *t*-test (\**P*\<0.05). (**c**) Representative images of histological change in the joint of CIA mice. Joint sections were stained with hematoxylin and eosin (H&E) stain, safranin O and toluidine blue. Scale bar, 200 μm. (**d**) Scoring of histological inflammation and joint bone destruction from the sections. Histological images were scored from three individual researchers. Statistic scoring was analyzed with one-way analysis of variance (ANOVA; \*\*\**P*\<0.001).](emm2017301f3){#fig3}

![Anti-FimA antibody (aFimA Ab)-treated *Porphyromonas gingivalis* (Pg) suppresses cartilage erosion and bone destruction in the joint of collagen-induced arthritis (CIA) mice. (**a**) Representative micro-computed tomography (micro-CT) images of hind paws in each mouse group. The extraperiosteal erosion of the joint is represented in red color in the images. (**b**) The vertical cross-section represents tarsal joint bone volume. Axial view of the proximal portion (arrow) of tarsal bones (inserts). (**c**) Quantification of total extraperiosteal erosion volume of hind paws. (**d**) Quantification of total bone volume of hind paws. Statistical analysis was performed using one-way analysis of variance (ANOVA; *n*=3, \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001).](emm2017301f4){#fig4}

![Oral infected *Porphyromonas gingivalis* (Pg) can migrate into the inflamed joint. (**a**) Detection of FimA (green) in the joint of collagen-induced arthritis (CIA) mice by confocal microscopy. Scale bar, 100 μm. (**b**--**d**) Immunohistochemical double staining of dendritic cells (CD11c: red) (**b**), macrophages (F4/80: red) (**c**) and neutrophils (Ly6G/C: red) (**d**), respectively, and FimA (green) in the joint section of CIA mice. Cell nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). Scale bar, 100 μm. Arrows indicate the enucleated cells.](emm2017301f5){#fig5}

![*Porphyromonas gingivalis* (Pg) is involved in synovial inflammation. (**a**, **b**) Double immunofluorescence staining of Toll like receptor-2 (TLR2) (**a**; red) or TLR4 (**b**; red) and FimA (green) in the joint of collagen-induced arthritis (CIA) mice. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). Scale bar, 100 μm. (**c**, **d**) Rheumatoid arthritis synovial fibroblast (RASF) was treated with Pg (**c**) or crude fimbriae (**d**) and incubated for various time points. The RNA expression levels of synovial inflammation-related cytokines and proteins were detected by real-time PCR. Statistical analysis was performed using one-way analysis of variance (ANOVA; *n*=3, \**P*\<0.05 and \*\**P*\<0.01).](emm2017301f6){#fig6}
